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Various enhanced oil recovery methods (EOR) suffer from poor sweep efficiency 
due to viscous fingering, channeling, and gravity segregation issues. The water-alternating-
gas method (WAG) used in the Al-Shaheen’s Shuaiba reservoir has encountered similar 
problems, whereby injected gas preferentially flows into higher permeability zones and 
sweep efficiency is impacted. The goal of this research work was to develop an effective, 
and economically viable foam system that can utilize waste gas in the Al-Shaheen reservoir 
as a mobility control solution. This research focused on an optimized surfactant 
formulation that can generate foam with methane gas at the reservoir conditions in the 
presence of oil and an oil wet/mixed wet rock.  
The formulation was tested in water wet and oil wet core flood experiments. 
Enhancements to the formulation were tested and their improvement to the foam strength 
was quantified. An anionic surfactant group alkyl-polyglycoside (APG) was first chosen 
 vii 
through screening experiments. The bulk foam stability was then evaluated with and 
without oil presence and showed APG-5 as the best among the APGs. Its adsorption to 
carbonate Estaillades limestone was estimated around 2.5 mg/g of rock at 55 °C and the 
reservoir brine salinity of 144,000 ppm.  
Core flood experiments revealed that a concentration of 3500 ppm is required to 
achieve strong foam. The foam rheology of APG-5 and methane gas was found to be shear 
thinning. The ideal foam quality resulting in the strongest foam was found to be between 
30 and 50 %.  
The impact of oil on the APG-5 foam was studied, and found to produce effective 
foam in presence of residual oil in water wet cores and oil wet cores, with mobility 
reduction factor (MRF) values of 28 for the former and 24 for the latter. It was also shown 
through mobile oil experiments that foam can develop even in presence of mobile oil. Oil 
wet environments were shown to have weaker foams. The use of a wettability altering 
agent TGT-1 improved the foam propagation and steady state strength. MRF values of ~ 
47 were achieved, an increase of 150%. A foam booster (Lauryl Betaine) was tested and 
found to enhance the propagation and steady state strength of the foam with MRF values 
of 52. Combining the wettability alteration, and foam boosting in a final formulation 
achieved and MRF of 85.  
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This chapter outlines the background and motivation behind the research project, a 
list of research objectives, a brief description of the research methodology used, and finally 
a summary of the organizational structure.  
1.1 Background and Motivation 
The Al Shaheen field is part of Block 5, off the cost of Qatar, as shown in Figure 
1. Development started in 1992, with details provided in paper by (Finlay et al. 2014). The 
field currently produces 350,000 STB/D from two thin separate cretaceous carbonate 
formations and an overlaying sandstone formation.  
 
  
Figure 1: Al Shaheen Field Location, Block-5, offshore Qatar. 
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The carbonate reservoirs have thin oil columns with a large areal extent (25 km by 
45 km) and rock with typical permeabilities in the 1-10 mD range. The crude oil shows 
great lateral variation with API gravities ranging from 16-38 within the same reservoir. The 
reservoir contains several gas caps with large variations in solution GOR and saturation 
pressures in different locations. This field has been evaluated and put on water-alternating-
gas (WAG) injection using hydrocarbon gas as injection gas (Lindeloff et al. 2008).  
Enhanced oil recovery (EOR) techniques can significantly extend global oil 
reserves if the oil prices are high enough to make these techniques economic (Muggeridge 
et al. 2014). EOR methods (solvent, thermal and chemical) are based on injection of 
materials normally not present in the reservoir (Ashour, 2011). Solvent EOR involving gas 
injection (carbon dioxide, hydrocarbons, and nitrogen) is the most commonly applied EOR 
technique for light oil (Teletzke et al. 2005). Miscible gas EOR is mostly applied through 
water-alternating-gas (WAG) injection to mitigate the technical and economic 
disadvantages of gas injection (Christensen et al.  1998; Awan et al. 2005). This technique 
was implemented in the Shuaiba reservoir. Re-injection of the hydrocarbon gas presents an 
environmentally preferable option to flaring. Alternating between injecting water and gas, 
reduces the volume of gas required to maintain reservoir pressure.  
WAG presents an improvement in gas mobility over gas injection by itself. It 
reduces the tendency for the gas to finger or channel through the oil. The presence of 
mobile water in the pore space reduces the gas mobility through relative permeability 
effects (Stalkup 1983). Vertical sweep efficiency is also improved as the heavier water, 
tends to slump towards the bottom of the reservoir while the gas, being lighter, rises to the 
top (Blackwell et al. 1959). 
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Although the majority of WAG applications in the field have been successful, the 
incremental recovery achieved is generally less than predicted (Christensen et al. 1998; 
Awan et al. 2005). Solvent gas is lighter than oil, and less viscous, which causes it to finger 
through the oil by viscous fingering (Homsy 1987; Blackwell et al. 1959), heterogeneity 
(Waggoner et al. 1992; Araktingi et al. 1993) and gravity override issues (Claridge 1972; 
Fayers and Muggeridge 1990).The aforementioned variation in oil density and GOR along 
different layers of the reservoir can help explain the potential mobility control issues during 
WAG implementation.  
Thus, the motivation for this research work is to develop an effective, and 
economically viable foam system that can utilize the waste gas in the Al-Shaheen reservoir. 
The foam system needs to provide mobility control at the reservoir conditions. The detailed 
research goals are listed in the following section.  
 
1.2 Research Objectives 
The main research objective is to design and develop a foam system that can 
provide effective mobility control for Al-Shaheen Field’s Shuaiba reservoir conditions 
[144,000 ppm formation brine, 55 °C temperature, oil wet/mixed wet conditions, and in 
the presence of oil]. The above goal is subdivided into the following research goals: 
1. Develop a surfactant formulation that can generate a stable foam at the above 
reservoir conditions.  
a. Evaluate foam rheology by studying the impact of shear rate and foam 
quality (FQ) on the resulting foam strength. 
b. Optimize surfactant concentration to find required concentration that is 
still economically viable. 
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2. Evaluate impact of oil on foam performance in natural carbonate rocks.  
a. Find the foam strength and MRF values for foam at residual oil 
saturation in water wet and oil wet conditions. 
b. Evaluate impact of mobile oil on foam propagation.  
3. Evaluate the impact of wettability on foam propagation natural carbonate rocks.  
4. Develop foam enhancement solutions that maximize the base case’s foam 
strength and MRF achieved. 
a. Study foam enhancement by improving foam resistance to oil. 
b. Study foam enhancement by changing rock wettability towards more 
water wet conditions. 
c. Recommend a final foam system formulation and injection strategy.  
Section 1.3 outlines, the research methods employed in this work. Detailed 
experimental procedures are listed in Appendix B: Experimental .  
1.3 Methodology 
This research work is backed by an experimental approach, whereby the research 
objectives are achieved through a detailed experimental program. The main techniques 
used include: 
1. Bulk foam testing experiments: used to test for surfactant foaming ability.  
2. Surfactant/oil microemulsion tests: tests for presence of type I, II, or III 
microemulsions formed between a surfactant and crude oil. 
3. Interfacial tension measurements: in this work the pendant drop method was 
employed. These measure interfacial tension between water/gas, water/oil, and 
oil/gas. These measurements are then used to estimate parameters such as the 
entering coefficient, spreading coefficient, and lamella number.  
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4. Contact angle measurements: using a Rame-Hart device. These experiments are 
used to screen surfactants for their ability to alter wettability from oil to water 
wet.  
5. Static adsorption experiments: used to estimate how much of the surfactant 
adsorbs onto rock grains. The surfactant concentrations are estimated using 
LCMS spectroscopy techniques and are then used to estimate adsorption. 
6. Core flooding experiments: core floods whereby fluids are injected in 
sequences mimicking the production and injection history of reservoirs. This 
presents the most accurate lab tests that resemble reservoir conditions.  
Detailed procedures and information, about the experimental tools and setups used 
for the above experiments, are included in Appendix B: Experimental . Materials used in 
this study include:  
1. Surfactants: Anionic surfactants (Alpha Olefin Sulfonate (AOS)), cationic 
(Amines (C25, T25 at 50% Active Content), Lauryl Betaine (50% Active 
Content), nonionic (APGs with 50-70% active content), Tergitol surfactants 
(100% active Content). 
2. Brines: Synthetic brine and sea water were prepared as per Table 1. The 
formation brine has a considerable divalent ion concentration (12600 ppm). 
ACS grade salts were used to create the synthetic formation brine.  
3. Outcrop rocks: Estaillades limestone was used to simulate the Shuaiba 
reservoir rock. The porosity of the block ranged from 20-25%, while the 
permeability to brine measured was 100-120 mD. The cores used are 1 in 
diameter and 1 ft long. They were cleaned then dried for a week at 80 °C.  
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4. Crude oil from the Al-Shaheen Field was used. The field samples provided 
included sand, and a strong emulsion of oil and water. It was heated, 
centrifuged, and filtered twice through 1.2 μm and then 0.65 μm filters.  
5. Methane gas at 97.7% purity provided by PRAXAIR was used as the gas phase 
for the foam in core flood experiments. 
6. Calcite plates: Iceland Spar test chips sourced from WARD’s natural science, 
were used to simulate carbonate rock for contact angle measurements.  
 
Salt Formation Brine 
Composition (g/L) 
Salt Sea Water 
Composition (g/L) 
NaCl 99.80 NaCl 31.69 
KCl 3.86 KCl 0.86 
SrCl2.6H2O 1.17 CaCl2.2H20 1.78 
CaCl2.2H2O 33.31 MgCl2.6H2O 11.46 
MgCl2.6H2O 29.81 Na2SO4 4.72 
Total Salinity (g/L) 144.144  49.65 
 
Table 1: Brine Composition 
 
1.4 Organizational Structure 
This thesis starts with an introduction section outlining the background 
information, and research goals and objectives, as well as the methodology of research. 
Chapter 3 outlines pertinent literature review done for this work.  
Chapter 4 presents the foam formulation and characterization, which focusses on 
the first research goal. Chapter 5 focusses on the impact of oil on foam, while Chapter 6 
analyzes the impact of wettability, thus answering second and third research goals listed in 
the previous section. Subsequently, the foam formulation enhancements are discussed in 
chapter 7, answering the fourth and final research objective. The thesis is capped with a 
list of conclusions, and a summary of suggested future work.   
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2 LITERATURE REVIEW 
This chapter highlights relevant areas of literature pertaining to foam generation, 
stability and propagation, as well as foam oil interactions. A review of foam for mobility 
control in WAG EOR applications is then presented.  
2.1 Foam Mechanics 
There is extensive literature on foam generation and stability. Schramm defined 
foam as a dispersion of gas in a continuous liquid phase whereby gas bubbles are separated 
by  thin aqueous films. (Shramm, 1994).  The thin films join in locations described as the 




Figure 2: Schematic of a foam system (Sheng, 2013) 
 
Foam is typically formed by mixing a liquid with a foaming agent (surfactant) with 
a gas. Surfactants stabilize the foam films or lamellae. A foam is typically described by the 
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foam quality (FQ) which represents the gas fraction in the total flow, and the texture of the 
foam which relates to the size of bubbles.  
2.1.1 FOAM GENERATION IN POROUS MEDIA 
Foam is generated in porous media by several mechanisms: leave-behind, lamella 
division, and snap off. Snap off is represented in Figure 3. As shown snap off occurs by 
gas breaking into bubbles when going through a restriction like a pore throat. This process 
repeats indefinitely at a snap-off site in a dynamic scenario whereby gas is injected, thus 
making this mechanism an important foam generation mechanism.  
 
Figure 3: Snap-off mechanism. A: Gas penetrates through a pore constriction B: Gas 
breaks off into a new isolated bubble (Ransohoff and Radke, 1988) 
Lamella division is shown in Figure 4. It refers to a pre-formed foam lamella 
(bubble) breaking into two when flowing through the pore structure and going around a 
restriction. Similar to snap-off it generates more lamella and can repeat at the division site 
in a dynamic scenario. Thus, it is also a predominant mechanism of foam generation. 
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Figure 4: Lamella Division A: Gas bubble approaches obstruction B: Gas bubble divides 
into two bubbles (Ransohoff and Radke, 1988) 
 The leave behind mechanism shown in Figure 5 occurs when two gas 
menisci break through into two separate bubbles when moving around a restriction. This 
mechanism is prevalent at low shear rates (low injection velocities) and the foams 
generated tend to be weaker. This process does not repeat at a generation site, and it forms 
stationary aqueous lenses around the bubbles, thus requires a relatively high liquid 
saturation. 
 
Figure 5: Leave behind mechanism. A: Gas approaches restriction B: gas lenses form 
through restriction leading to bubbles forming. (Ransohoff and Radke, 1988) 
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2.1.2 FOAM STABILITY AND COALESCENCE MECHANISMS 
Foam films are thermodynamically unstable, and eventually break down with time. 
Thus, the term stability here describes the relative stability compared to other foams.  When 
discussing foam stability, the following concepts are useful: 
Gravity Drainage: this refers to the movement of the liquid phase draining through 
the foam films due to the impact of gravity. The process thins foam films and can cause 
their rupture.  
Laplace Capillary Suction: At plateau borders the radius of curvature is larger 
than the flat portions of the foam lamellae. Based on the Young-Laplace equation for 
capillary pressure (equation 8, Appendix D: List of Equations), this creates a large pressure 
difference between these two locations. This leads to the suction of liquid from the flat 
parts of the foam lamella which thins them and can lead to rupture. 
Gibbs - Marangoni Effects: when a foam film which is stabilized by the presence 
of a surfactant expands or thins, the local concentration of the surfactant drops. This causes 
a rise in the surface tension of the film, which causes a contraction of the surface/film to 
conserve the low energy of the film. This process causes the liquid to flow from the low 
surface tension region to the high surface tension region. Thus, in this case liquid moves to 
the thinner portions of the film, and supports the overall stability of the foam.  
Disjoining Pressure: when two surfaces of a thin film are interacting, a 
combination of forces arise. The disjoining pressure represents the difference between 
orthogonal pressure at a point on the film, and the pressure in the bulk (water) phase. The 
pressure normal to the film surface is a function of the net forces acting there. These include 
electrical, dispersion, and steric forces. The thickness of the film (closeness of the two 
sides) determines the distribution of these forces. The composition of the fluids, and 
temperature also affect the forces. When the net forces are positive, we get repulsive film 
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forces, while negative net forces are attractive. In general, highly attractive van der walls 
forces destabilize films, and also highly repulsive forces between similarly charges 
particles can destabilize the film. These are referred to as conjoining/disjoining forces, and 
can both lead to film destabilization.  (Manlowe and Radke, 1990). 
There are two main mechanisms foam lamella coalesce by; first capillary suction, 
and secondly gas diffusion. (Chambers and Radke, 1991). Capillary suction discussed 
above is a prominent mechanism for lamella rupture. Gas diffusion is a less prevalent foam 
rupture mechanism.  
It is important to note that a constant supply of surfactant in the liquid phase can 
extend the distance, and stability of the foam structure when flowing through a porous 
medium. As foam generation and decay is a dynamic condition, whereby foam forms and 
breaks constantly. A stable foam is one where the net formation exceeds the net breakage 
of lamellae. 
The above concepts govern the foam stability at the individual film level. The 
presence of oil complicates these mechanisms, and requires special treatment. This is 
discussed in section 0.  
  
 12 
2.2 Foam Oil Interactions 
The following sections review the previous studies of the impact of oil on foam 
stability. First discussing the concept of a critical oil saturation for foam, then a review of 
classical and current theories about foam-oil destabilization mechanisms is presented.   
2.2.1 EFFECT OF OIL SATURATION 
The impact of oil saturation on bulk foam stability and generation was found to 
have conflicting results in literature. Some surfactant oil combinations can have an 
effective foam at higher concentrations while other combinations do not. This 
inconsistency in considering the effect of oil saturation on the bulk foam experiments leads 
us to question how oil affects foam.  
Generally, oil can impact foam strength by affecting the generation mechanisms or 
by causing destabilization which in turn affects the stability of the foam. (Al-Majid and 
Kovscek, 2015) theorized that oil can affect the snap-off generation mechanism by 
affecting the aspect ratio required for foam bubbles to snap-off. However, it is very difficult 
to quantify the number of snap-off sites in an actual porous medium.  Additionally, if the 
pores have low water saturation (high oil saturation) snap-off which requires water to be 
present, is limited.  
Some researchers are in agreement that critical oil saturation 𝑆𝑜
𝑐𝑟 exists above which 
only weak foams or even no foam can exist. However, as mentioned earlier, there is a lack 
of correlation between oil saturation and foam strength (in bulk tests and even core floods). 
This is likely due to the individual foam-film-oil physics, and the spatial distribution of the 
phases throughout the rock pore structure which governs the foam generation and 
interactions of the foam and oil, and as such affects the foam strength. 
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The idea of a critical oil saturation below which an effective foam can exist was 
found experimentally by (Friedman and Jensen, 1987) who found for a limited surfactant-
oil system under study, a critical oil saturation of 15% limited any foam formation, and an 
effective foam only formed below 10% oil saturation.  Further research by (Mannhardt and 
Svorstol, 1999) shows that having oil saturations higher than the critical saturation not only 
prevents effective foam from forming, it also creates a delayed propagation of the foam 
when the saturation does drop below the critical value.  
A likely explanation for the variability in predicted foam strength at different oil 
saturation is the inherent stability of the foam-oil system at the single film level. This is 
subject to variation due to the type of surfactant, crude oil, concentrations of surfactant, 
salinity of the aqueous phase, viscosity of the phases among other factors. So, for a 
particular foam-oil system that shows inherently unstable foam-oil films the foam is likely 
to be unstable at even very low oil saturations. While an inherently stable oil-foam film is 
likely to result in effective foam up to certain oil saturation – critical oil saturation (or more 
accurately up to certain water saturation) whereby foam generation and stability of foam 
films is impacted.  
2.2.2 CLASSICAL THEORIES BASED ON INTERFACIAL PROPERTIES 
The first attempts at explaining the destabilizing effect of oil on foam is borrowed 
from thermodynamic theories which show that a defoamer can spread along the surface of 
the liquid-gas interface. The entering coefficient in terms of the interfacial properties of the 
oil-water (surfactant solution)-gas system: 
𝐸𝑜𝑖𝑙/𝑤𝑎𝑡𝑒𝑟 = 𝜎𝑤𝑎𝑡𝑒𝑟/𝑔𝑎𝑠 + 𝜎𝑜𝑖𝑙/𝑤𝑎𝑡𝑒𝑟 − 𝜎𝑜𝑖𝑙/𝑔𝑎𝑠                           
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Where 𝑬𝒐𝒊𝒍/𝒘𝒂𝒕𝒆𝒓 is the entering coefficient, and 𝝈  is the interfacial tension 
between two phases.  
If the entering coefficient above is positive, it is thermodynamically possible for an 
emulsified droplet of oil to enter the surfactant-gas interface. A negative entering 
coefficient indicates that the emulsified droplet would stay within the aqueous phase 
without entering the interface.  The spreading coefficient is developed using a similar 
concept and is described by:  
𝑆𝑜𝑖𝑙/𝑤𝑎𝑡𝑒𝑟 = 𝜎𝑤𝑎𝑡𝑒𝑟/𝑔𝑎𝑠 − 𝜎𝑜𝑖𝑙/𝑤𝑎𝑡𝑒𝑟 − 𝜎𝑜𝑖𝑙/𝑔𝑎𝑠                           
Where 𝑺𝒐𝒊𝒍/𝒘𝒂𝒕𝒆𝒓 is the spreading coefficient, and 𝝈  is the interfacial tension 
between two phases.  
A negative spreading coefficient indicates the emulsified oil droplet spreads along 
the surfactant-gas interface. An entering oil droplet  Eoil/water < 0 , may have the oil 
spread along the interface only if 𝑆𝑜𝑖𝑙/𝑤𝑎𝑡𝑒𝑟 < 0. This theory predicts that oil spreading 
along the aqueous interface with gas is a key cause of destabilization.  
Lastly, the bridging coefficient describes the condition where spreading oil on 
either side of two foam lamellae causes a bridge to form between the two interfaces. This 
was developed by (Aveyard, 1994). An unstable bridge would lead to the trapped gas on 
either of the lamellae to coalesce into a bigger bubble, leading to foam coalescence and 
essentially destabilizing the foam.  




2                            
Where 𝑩𝒐𝒊𝒍/𝒘𝒂𝒕𝒆𝒓 is the bridging coefficient, and 𝝈  is the interfacial tension 
between two phases.  
Negative values of the bridging coefficient result in unstable bridges. Aveyard 
shows that the bridging coefficient value depends on the contact angle of the surfactant 
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solution and oil droplet that formed after a bridging of two interfaces. Previous literature 
reviews show these theories resulting in good predictions on the bulk scale, but also having 
quite a few contradictory results.  
These simple coefficients sometimes result in conflicting correlations between bulk 
scale and core flood scales, and while not fully explaining the process of foam 
destabilization, they are still attractive tools for researchers, due to the simplicity of the 
measurements involved, and the ability to screen for a variety of surfactant oil systems in 
a relatively short time. 
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2.2.3 LAMELLA THEORY  
This theory was developed in part to support the mechanism of foam destabilization 
which involves the formation and movement of emulsified oil drops into the plateau 
borders of the foam.  Foam rupture due to the congregation of these droplets in the plateau 
borders, which is governed by several factors such as the pseudo-emulsion film strength, 
and the size and number of oil droplets. (Shramm, 1994; Foam Sensitivity to Crude Oil in 
Porous Media). Thus, the emulsification of the oil into droplets is very important.  
It is suggested that the likely cause of the oil emulsification is that oil is drawn by 
capillary suction into the lamella and pinched off to produce emulsified drops, this is also 
affected by mechanical shear effects due to the propagation of the foam through the porous 
medium. However, the mechanical shear effect is not described in the formulation for the 







)                                 
 
Where 𝒓𝒐 is the oil droplet radius and 𝒓𝒑 is the radius of the plateau border.  
Based on this formulation, Schramm suggested the following parameters as 
indications of the foam stability or destabilization due to emulsified oil droplets: 
 
Lamella # Emulsification Foam Type - Stability 
𝐿 < 1 Limited oil emulsification expected Type A Foam – Oil 
Resistant 
1 < 𝐿 < 7 Oil emulsifies into small droplets Type B Foam – More 
instability 
𝐿 > 7 Oil emulsifies into large number of small 
drops 
Type C Foam – Unstable 
Foam 
 
Table 2: Lamella Number Classifications 
 
As outlined in past reviews (Farjzadeh et al, 2012), (Ma and Mateen 2018), this 
theory was applied in multiple studies some showing it to predict oil foam behavior 
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accurately (Shramm and Novosad 1990, 1992) others have shown that alone it cannot 
accurately predict the oil foam behavior, on either bulk or porous media scales (Dalland et 
al, 1994).  
While the lamella number theory is used to predict the best and worst systems 
relatively accurately, it is still unable to account for performance observed in core flood 
experiments. The contradictory predictions using this model may be due to the simplified 
formulation of the lamella number which relies mainly on the interfacial properties of the 
system, and in most studies an approximate value of (ro rp⁄ )~0.15 is used which may not 
reflect the actual emulsified oil drop size and plateau border radius (which is affected by 
the pore structure, and aforementioned mechanical shear effects.   
While emulsification of oil in porous media may play an important role in 
describing oil foam interactions, it still does not explain why some foam systems are more 
resistant to oil than others. This led to the consideration of the pseudo-emulsion film as the 
overriding factor in determining oil foam stability. 
 
2.2.4 PSEUDO-EMULSION FILM STABILITY 
As highlighted in earlier sections, both the classical theories of entering and 
spreading and bridging as well as the emulsification lamella theory both have considerable 
shortcomings in describing the effect of oil on foam. The pseudo-emulsion model was 
developed to understand the physics of oil destabilizing foam on a more microscopic scale. 
As defined earlier the pseudo emulsion film is formed when oil contacts foam 
lamella, creating an interface with oil-surfactant on one side, and surfactant-gas on the 
other. If this film is stable, or exists in a metastable state (in a dynamic foam propagation 
case), then foam can propagate through a medium which contains oil and can survive 
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providing adequate mobility control. Several factors can influence the stability of the PS-
film:  
 Micellar structure of the PS-film: influenced by surfactant-oil affinity (see 
also the solubilized oil effect section) (Nikolov et al, 1986), (Lobo et al, 
1989), (Koczo et al, 1992). 
 Marangoni surface effects due to the presence of oil droplets (emulsified 
droplets) leading to thickness changes to foam lamellae. 
 The interaction of thin film forces including electrostatic and dispersion 
forces (disjoining/conjoining pressure effects). 
 Interfacial viscosities can also influence the PS-film stability. 
Manlowe and Radke showed through micro visual studies that the breakage of the 
PS-film leads to film ruptures, especially for thinning films where the film forces (non-
bulk attractive and repulsive intermolecular forces, steric forces) become dominant. They 
also showed that stable PS-films lead to stable foams. (Manlowe and Radke, 1990) 
Disjoining Pressure Approach 
This approach considers the measurement of the disjoining pressure in the 
asymmetric pseudo emulsion film at the film scale, typically using micro visual techniques. 
The disjoining pressure isotherm for a PS-film is more complex than that for regular foam 
films.  In a theoretical study, Garett showed that there exist two local maxima and minima 
of the disjoining pressure as a function of the film thickness. (Garett, 2016). The actual 
disjoining pressure isotherm is a function of the foam film thickness which in turn is a 




Figure 6: Disjoining pressure isotherm for metastable PS-film (Garett, 2016) 
On the curve shown in Figure 6, the negative (repulsive forces) are presented above 
the h axis (film thickness), and positive attractive forces are presented below it, thus area 
under the curve for a dominant attractive forces region is positive despite being below the 
h axis.   
 
𝐹𝑜𝑟 𝑎 𝑃𝑆 − 𝑓𝑖𝑙𝑚 ∶  𝑁𝑒𝑡 𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 > 0 → 𝐹𝑖𝑙𝑚 𝑖𝑠 𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 
𝐹𝑜𝑟 𝑎 𝑃𝑆 − 𝑓𝑖𝑙𝑚 ∶  𝑁𝑒𝑡 𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 < 0 → 𝐹𝑖𝑙𝑚 𝑖𝑠 𝑚𝑒𝑡𝑎𝑠𝑡𝑎𝑏𝑙𝑒  
𝐹𝑜𝑟 𝑎 𝑃𝑆 − 𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ∶  ℎ ≤ 50 𝑛𝑚 → 𝐶𝑜𝑚𝑚𝑜𝑛 𝑤ℎ𝑖𝑡𝑒 𝑓𝑖𝑙𝑚𝑠 (𝑚𝑒𝑡𝑎𝑠𝑡𝑎𝑏𝑙𝑒) 
𝐹𝑜𝑟 𝑎 𝑃𝑆 − 𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ∶  ℎ ≤ 5 𝑛𝑚 → 𝑁𝑒𝑤𝑡𝑜𝑛 𝑤ℎ𝑖𝑡𝑒 𝑓𝑖𝑙𝑚𝑠 (𝑚𝑒𝑡𝑎𝑠𝑡𝑎𝑏𝑙𝑒) 
 
Garett shows that stable films would exist when the slope of the disjoining pressure 
curve is negative. At large thicknesses there is a secondary minimum caused by Van der 
Wals forces that dominate there, leading to the metastable common white film region. 
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Multiple factors can cause changes to the film thickness either thinning it or thickening it. 
These include ionic interactions between the surfactant and oil polar components, drainage 
of film due to viscoelastic properties.  
At a certain point if the film thins enough, repulsive forces become dominant again, 
leading to a maximum in the disjoining pressure curve, which makes the slope of the curve 
positive and the foam in this case is unstable. If the foam thins even further, van der Wals 
forces dominate again, leading to a primary minimum and the secondary metastable foam 
region known as newton white films. 
The above ranges of thickness are the general conditions suggested by Garrett for 
a metastable PS-film to exist. In a dynamic foam generation conditions, the foam PS-films 
go through thickness changes that can alter its stability.  
The above applies however below a critical capillary pressure 𝑃𝑐
𝑐𝑟above which 
foam lamellae are susceptible to mechanical perturbations that cause rupture. Many 
researchers used the disjoining pressure concept to evaluate the PS-film stability of an oil-
surfactant mixture. Bergeron borrows the disjoining pressure concept (Bergeron et al, 
1993) in the formulation of the generalized entering coefficient discussed in the next 
section.  
Generalized Entering Coefficient 
Due to the lack of correlation between bulk foam predictions and porous media 
performance of foam oil systems using the classical spreading and entering theory, 
researchers tried to include the effect of the PS-film stability in a modified entering 
coefficient. Work done by Bergeron (Bergeron et al, 1993) relates the entering coefficient 
to the disjoining pressure isotherm of the asymmetric PS-film. The formulation is shown 
in equations 7 and 8 in Appendix D: List of Equations.  




=  − ∫ 𝒉 𝒅𝚷
𝚷(𝒉𝟎)
𝚷(𝒉∞)=𝟎
     
ℎ∞ is film thickness that is not influenced by disjoining forces, ℎ0 is the film 
thickness at equilibrium at a particular disjoining pressure.  As shown above, the 
generalized entering coefficient in Bergeron’s definition, is the negative of the area under 
the disjoining pressure isotherm down to the foam film thickness at equilibrium (steady 
state conditions).  A similar concept was also discussed by (Lobo and Wasan, 1993) where 
they described the use of the interaction energy per unit area to describe the PS-film 
stability.  
Entry Barrier 
The concept of entry barrier relates to the existence of a critical capillary pressure 
that an emulsified droplet of oil has to overcome to enter the foam film, which also relates 
to the strength and stability of the PS-film. Research by Denkov (Denkov et al, 2004) 
measured the critical capillary pressure as an indicator of the PS-film stability. 
They theorize that the critical capillary pressure 𝑃𝑐
𝑐𝑟 has physical interpretations, as 
the capillary pressure required to squeeze the oil droplets into the surfactant-gas interface.  
This is very similar to the disjoining pressure concept, and the major difference is the 
technique in measuring the critical capillary pressure, which is a modified film trapping 
technique FTT.  
Denkov states that the value of 𝑃𝑐
𝑐𝑟can be a practical indicator of the PS-film 
stability, and if it’s exceeded it is suggested that bridging mechanisms characterized by a 
high positive bridging coefficient, play the main role in foam destruction once the entry 
barrier has been exceeded. It is further hypothesized, that the addition of foam boosters 
(co-surfactants) can create a modified micellar structure in the surfactant-air interface 
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leading to a stronger PS-film stability, characterized by a higher oil droplet entry barrier 
which leads to a more oil resistant foam system.  
2.2.5 SUMMARY 
The literature review performed on oil foam interactions showed a general lack of 
consistency in terms of prediction tools used. Entering and spreading coefficients and 
lamella number can all sometimes lead to good correlation to the bulk foam scale but not 
always to the core scale. Pseudo emulsion film theory was developed to understand the 
microscopic phenomena that can explain oil films being stable for certain oil foam 
combinations. A generalized entering coefficient, was developed to incorporate the PS film 
stability and interfacial properties for prediction. The disjoining pressure and entry barrier 
approaches are also well rooted in literature in their treatment of the PS-film.   
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2.3 Foam and WAG Enhanced Oil Recovery 
Nearly all EOR processes demand mobility control to minimize issues related to 
displacing phase (Chambers and Radke 1993) chief among them is WAG EOR. Creating 
an in-situ foam of injected gas with tailored surfactants has been reported to achieve 
mobility control and thus enhancing the oil recovery efficiency (Heller 1994; Srivastava 
and Nguyen 2010; Blaker et al. 2002). This work studies the use of a suitable surfactant, 
and hydrocarbon gas to create foam in situ to assist in the mobility control of the solvent 
gas, in order to maximize the oil recovery from WAG.  
The co-injection of gas and aqueous chemical solution results in dispersed flow of 
two phases where the combined mobility of two phases would be less than their individual 
mobility, thus resulting in improved mobility control and oil displacement (Kovscek et al. 
1997; Talebian et al. 2013). In addition, dispersed-gas mobility decreases with increasing 
rock permeability, which could not be achieved with conventional polymers for chemical 
EOR (Kovscek and Bertin 2002; Kapetas et al. 2015). This not only improves chemical 
conformance control, but also reduces the likelihood of gas plugging oil-rich low 
permeable rock matrix in heterogeneous reservoirs. Besides there are several other 
applications of aqueous foam in the oil and gas industry (Scherubel and Thorne 1981; 
Marquis and Kuehne 1992; Dawe et al. 1993). 
Based on the 2014 worldwide EOR survey (Koottungal 2014), a comparison was 
made between hydrocarbon gas-EOR and CO2-EOR technologies. With 37 hydrocarbon-
EOR fields worldwide in comparison to about 140 CO2-EOR fields, the hydrocarbon-EOR 
technology has found limited application and thus is relatively less mature than the CO2-
EOR technology. Since the produced hydrocarbon gases in onshore fields can often find 
better economic value than re-injection in the reservoir. Regions with stranded 
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hydrocarbon gas such as Al-Shaheen offshore reservoir, are perfectly suited for use in foam 
assisted EOR.  
A well-known foam trial was carried in the Snorre field on the Norwegian 
Continental Shelf of the North Sea from 1997 to 2000 with support from the European 
Commission’s THERMIE Project (Svorstol et al. 1996; Blaker et al. 2002; Skauge et al. 
2002; Spirov et al. 2012). The permeability of the sandstone reservoir varied in the range 
of 400 mD to 3500 mD. The injection in the reservoir was below the original water-oil 
contact. The Foam Assisted Water Alternating gas (FAWAG) was initiated in August 1998 
but the concluding trial was initiated in 1999. An anionic surfactant α-olefin sulfonate, 
commercially known as AOS, with a carbon chain length of C14-C16 was used as the 
foaming agent. From design experiments, it was found that foam strength was constant 
down to very low surfactant concentration and foam qualities as high as 95%. Surfactant 
loss due to partitioning to oil, adsorption and microbial degradation was considered. 
Reservoir simulations were used to design the injection strategy. From foam model, 
minimum surfactant concentration and adsorption showed the largest impact on foam 
treatment efficiency. The uncertainties related to reservoir parameters were higher and 
showed a large impact on the oil recovery. Overall, the simulations were not conclusive 
regarding injection mode, rates and total surfactant volume. 
Approximately 800,000 pounds of commercial grade surfactant was injected, with 
an overall cost of around $ 1 million and the incremental oil attributed from this 
implementation was approximately 1.57 million barrels which is a strong economic success 
even with today’s low oil price.  
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3 SURFACTANT FORMULATION AND CHRACHTERIZATION 
As outlined in section 1.2, the main goal of this research work is to find a surfactant 
formulation that can generate an effective foam with methane gas. An effective foam is 
judged based on the ability to generate strong foam in this specific reservoir with a mobility 
reduction factor higher than 10 at the reservoir conditions stated (144,000 ppm salinity, 55 
°C temperature, and oil wet conditions). In this section the surfactant screening process is 
outlined, arriving at the main surfactant used in the remainder of the study. 
3.1 Surfactant Screening 
The initial stage of surfactant screening and selection focused on finding a 
surfactant that can generate a strong foam (foamability) while having sufficient aqueous 
stability at the reservoir conditions.  This involved bulk foam tests and aqueous stability 
tests of 3 main families of surfactants: 
1. Alkyl-Polyglycoside (APGs) – Nonionic surfactants 
2. Alpha Olefin Sulfonates (AOS) – Anionic Surfactants  
3. Alkyl Amines (C25, T25) – Cationic Surfactants 
The key criteria of aqueous stability were evaluated by creating surfactant solutions 
at various salinities from 40,000 ppm up to 150,000 ppm. During this stage the highly 
foaming AOS surfactant was excluded, as it showed severe precipitation at salinities close 
to the reservoir formation brine salinity of 144,000 ppm. This is shown in Figure 7. The 




Figure 7: AOS Aqueous Stability Test 
 
Bulk foam testing in this initial phase was carried out with a dynamic foam 
generation set up. This is shown in Figure 8 whereby air is injected at a constant rate into 
a set volume of surfactant at 0.5 %wt. concentration, the foam volume generated at steady 
state is then measured.  
   
 
Figure 8: Dynamic bulk foam test set-up 
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The above test was used on four surfactants, an APG, AOS, T25 (amine) and C25 
(Alkyl-amine). The results are summarized in Table 3. 
 
SURFACTANT (0.5 %WT CONC.) DYNAMIC FOAM VOLUME (ML) 
APG-5 in DI solution 240 
APG-5 at 150k ppm 180 
T25 (150 k ppm)  23  
C25 (150 k ppm) 20  
AOS (0 ppm) 240 * very fine stable texture 
Table 3: Dynamic bulk foam tests for screening surfactant groups  
Based on the above, the nonionic APG surfactant was selected as the strongest 
foaming group that can handle the reservoir formation brine salinity.   
3.2 APG Surfactant 
In the APG group, five surfactants were available for testing, labelled APG-1 
through APG-5. Bulk foam tests outlined in Appendix B: Experimental , were used on the 
APG surfactants, with and without the presence of oil to screen for the best foaming 
surfactant, and the best resistance to oil.  
 
Table 4 lists the active content of the APG surfactants used in this project.  The 
surfactants were generally diluted to 2.5% stock solution in deionized water, and then 
















Table 4: APG surfactants. 
The difference between the APG surfactants lies in the number of CH2 groups. The 
chemical structure of APG surfactants is shown in Figure 9 above.  
Aqueous stability tests were done using 5000 ppm concentration and revealed that 
only APG-1 precipitates at the formation brine salinity and reservoir temperature of 55°C.  
This can be seen in the bulk foam tests shown in Figure 12. Following this initial screening, 
further testing with the best performing APG is done to evaluate its micro emulsion phase 
behavior with the crude oil, as well as the effect of bulk oil on the foam stability. 
3.2.1 APG FOAM STABILITY WITHOUT BULK OIL 
Solutions at 144,000 ppm salinity, and 1000, 2000 and 5000 ppm surfactant 
concentration were tested. The results of the foam stability test for (5000, 2000 ppm) 
solutions, is shown in Figure 10 and Figure 11. 
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Figure 10: Bulk foam strength for APG series at 5000 ppm concentration 
 
Figure 11: Bulk foam strength for APG series at 2000 ppm concentration 
Figure 12 shows an example of the test at two different times. The results for the 
three different concentrations confirmed that APG-5 is the best foaming surfactant. 
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Figure 12: Foam stability test for 5000 ppm concentration at t=0, 2.5 hours 
Furthermore, APG-1 showed precipitation at the formation brine salinity of 
144,000 ppm and did not pass the aqueous stability requirement. The bulk foam stability 
for APG-5 as a function of the surfactant concentration is shown in Figure 13.  
 
 
Figure 13: Foam stability for APG-5 for various concentrations 
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The above gives a qualitative indication of the optimal concentration for the best 
performer, APG-5; is between 2000 and 5000 ppm.  Further testing is done in core flood 
experiments to further quantify the optimal concentration. 
3.2.2 APG FOAM STABILITY WITH BULK OIL 
The next step in screening APG surfactants was testing the foam stability in 
presence of oil. The same tests above were repeated but with the addition of 1 cc (10% by 
volume) of Al-Shaheen crude oil to the surfactant solutions.    
 
Figure 14: Foam stability in presence of oil (5000 ppm solutions, 144,000 ppm 
salinity) 
Figure 14 shows a drop in the foam stability in the presence of oil as expected. 
APG-5 shows the best foam stability even in the presence of oil. A snapshot of the test at 
two different times is presented in Figure 15. The interaction of surfactant and oil leads to 
the creation of a pseudo-emulsion film (PS-film) which is inherently more unstable than a 
foam film of surfactant-water alone. We further consider the effect of oil on foam stability, 
by testing APG solutions containing only the microemulsions and no bulk oil.  
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Figure 15: Foam stability test for 5000 ppm concentration, 1 ml oil, at t=0, 2.5 hours 
The effect of oil emulsions in surfactant solution, as well as the effect of oil on bulk 
foam performance of APG-5 is presented in the next section. 
3.2.3 APG-5 BULK FOAM STABILITY TESTING – EFFECT OF OIL AND OIL EMULSIONS 
When oil encounters APG-5 surfactant solution it emulsifies into small droplets in 
the surfactant solution, a type I Windsor microemulsion phase behavior. To quantify the 
effect of the oil emulsions in the surfactant solution on foaming ability, a series of bulk 
foam tests of APG-5 solution with emulsified oil were done.  First, the surfactant is mixed 
with oil, and then the surfactant solution containing micro-emulsified oil droplets 
(“solubilized oil”) is separated from the bulk oil.  Since the tendency to form micro-
emulsions is influenced by salinity, the solutions of APG-5 were prepared at [48,000, 
80,000, 110,000 and 144,000 ppm] salinities.  
The different salinity solutions were tested without emulsified oil as a control case 
to understand the influence of salinity on foaming stability.   The results are shown in 
Figure 16 and Figure 17. A snapshot of the test is included in Figure 18. 
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Figure 16: APG-5 bulk foam stability at various salinities 
 




Figure 18: APG-5 bulk foam stability at various salinities with and without solubilized 
oil, at t=0, 2.5 hours 
The results indicate that salinity has no detrimental influence on foam stability; as 
long as the surfactant remains soluble at the higher salinities. This is supported by work 
done by Liu (Liu et. al, 2005), who reported an increase in foam stability for an increase in 
salt concentration between 2 and 5%, then for concentrations beyond that foam stability 
was insensitive to the increase in salinity. 
 The foam strength and stability are only marginally affected by the presence of 
solubilized oil in the surfactant solution compared to the effect of the bulk oil.  A test of 
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the influence of increasing bulk oil concentration was also done. Surfactant solution of 
5000 ppm concentration was mixed with 3, 5, 8, and 11%wt. of crude oil. Results are 
summarized in Figure 19 while Figure 20 shows a snapshot of the test. As expected, bulk 
oil presence in the APG solution is detrimental to the foam stability.  
Higher oil concentration leads to weaker foam generation and stability; however, 
foam still forms which indicates that in a dynamic situation whereby gas and surfactant 
solutions are continuously injected, a resilient foam can persist even in the presence of a 
relatively high oil content. 
 
 





Figure 20: APG-5 bulk foam stability test with varying %wt. of oil [Left t=0, Right: 
2.5 hrs.] 
Based on the bulk foam stability testing, APG-5 produces strong foam even in the 
presence of solubilized oil in solution, at the formation brine salinity and temperature. The 
next stage in the characterization of APG-5 surfactant is to evaluate its microemulsion 
phase behavior and then its adsorption onto carbonate rock. 
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3.2.4 APG-5 MICROEMULSION PHASE BEHAVIOR 
For this study, the main goal of the foam is to provide mobility control, and divert 
the gas from higher permeability zones during WAG injection. In order to verify that the 
APG-5 surfactant does not create strong (high viscosity) micro-emulsions, a series of phase 
behavior tests were carried out for various salinities from 48,000 ppm to 144,000 ppm. A 
snapshot of the test is shown in Figure 21 .  
 
 
Figure 21: APG-5 microemulsion phase behavior test 
As clearly seen only two distinct phases are present. An oil phase on top and an 
aqueous (surfactant) phase with small droplets of oil microemulsions in surfactant solution 
on bottom. This represents a Type-I Windsor microemulsion. There is no middle phase 
present and no risk of creating viscous emulsions when the APG-5 surfactant interacts with 
oil in the reservoir. Section 3.3 outlines static adsorption testing on APG-5 and Estaillades 
limestone carbonate rock.   
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3.3 APG-5 Surfactant Adsorption on Carbonate Rock 
In order to understand the impact of surfactant adsorption in carbonate rocks, static 
adsorption experiments outlined in Appendix B: Experimental . 
The tests done on the selected surfactant APG-5 aimed at creating the adsorption 
isotherm, whereby the adsorption of a series of surfactant solutions at different 
concentrations is estimated.  The LCMS technique used is described in Appendix B: 
Experimental .  
In summary, 10 cc of APG-5 surfactant solution was mixed with 5 grams of crushed 
Estaillades limestone rock (powdered and sieved through 300-600 mesh size), and mixed 
thoroughly over a couple of days, while at reservoir temperature of 55°C. The solution is 
then extracted for testing. A series of calibration samples (500, 1000, 1500, 2000, 3000, 
and 5000 ppm) were tested and used to estimate concentrations of the test solutions.  
Figure 22 shows the adsorption results for two tests carried out at the same 




Figure 22: Adsorption in (mg of Surfactant/g of rock) for APG-5 and Estaillades 
Limestone  
  
It is also important to verify the impact of oil presence and the oil wet state of the 
reservoir on the adsorption of the APG-5 surfactant. In order to simulate different 
wettability conditions, Estaillades grains were wetted in oil and aged and soaked in crude 
oil at 80 °C for 1 week, they were then dried at and excess oil removed. Different 
percentages of oil wet grains were mixed with water wet grains, and the above tests were 
repeated.  Two test runs were carried out for 1000 ppm and 1500 ppm solutions. 
The proportion of oil wet grains to water wet grains was varied from 25% to 100% 
of total added rock grains. For example, the 50% oil wet grains were comprised of 5 g of 
the oil aged grains, and 5 g of the clean Estaillades grains. The adsorption results are 
summarized in Figure 23.  
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Figure 23: Effect of oil and wettability on APG-5 adsorption 
It can be clearly observed that the presence of oil and oil wet grain remarkably 
lowers the adsorption of the surfactant onto the carbonate surface. For the 1500 ppm 
solution, the adsorption is lowered to 1.15 mg/g, while for the 1000 ppm solution it is 
lowered down to 1.05 mg/g, which represents a reduction of 40% approximately.  
Additionally, Al-Shaheen field presents a mixed wet rock case, and as such 
evaluating the adsorption for mixed wet conditions is very important. The static adsorption 
results as well as the bulk foam stability tests show that the required APG-5 concentration 
is a range between 2000-5000 ppm. Further experiments using core floods are carried out 
to evaluate the ideal concentration, rates and foam qualities required.  
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3.4 APG Foam Characterization in Water Wet Rock Without Oil 
The first step in studying the foam generated by APG-5 and methane in core floods 
is focused on the effect of surfactant concentration as well as foam rheology in water wet 
conditions and without the presence of oil. The experiments were conducted using the 
methodology and experimental set up outlined in Appendix B: Experimental . The 
experiments were conducted until a steady state pressure drop was observed across the 
core. Steady state results are presented in the following sections focused on the impact of 
concentration, and the observed foam rheology.  
3.4.1 SURFACTANT CONCENTRATION   
When considering the optimal APG-5 surfactant concentration for field 
implementation, important factors to consider include the economic limitations, adsorption 
rate, the effect of oil on foam stability, and finally foam strength in steady state porous 
media. Typical rates encountered during field implementation are above 5 pore volumes 
per day (PV/d) near wellbore, and 1-2 PV/d in the far field region. The injection rate used 
for this experiment was 5 PV/d, at 80% foam quality. The permeability to brine was 
measured to be 118 mD, and the porosity was determined to be 23.2%. This experiment is 
part of WW-A as listed in  
Table 8 of Appendix A: Summary of Experiments. 
Four different concentrations of APG-5 were tested until a steady state pressure 
drop was achieved.  To assess foam strength, the apparent viscosity concept is employed 
here and is calculated as per equation 4 in Appendix D: List of Equations. A plot of the 
apparent viscosity of the generated foam as a function of surfactant concentration is shown 
in Figure 24. 
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Figure 24: Effect of surfactant concentration on foam strength [5 PV/d and 50% FQ] 
A linear trend can be observed between the strength of the foam generated and the 
concentration of surfactant solution. Based on the above results, a concentration of 3500 
was considered suitable as it would be below the economic limit of 5000 ppm, as well as 
still providing a strong enough foam for mobility control. The next step in evaluating the 
required parameters for foam injection is evaluating the optimal gas fraction and 
understanding the foam rheology as it pertains to rates in the near wellbore, and far field 
regions.  
3.4.2 FOAM RHEOLOGY 
Following the concentration scan, the core was flooded with brine for over 20 Pore 
volumes, and the permeability was determined again, and was found to be around 103 mD. 
A slight reduction in permeability is expected due to particle immobilization during 
prolonged injection. Using APG-5 solution of 3500 ppm concentration, three different 
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injection rates were tested (2, 5, and 10 PV/d), at four different foam qualities (30,50,80, 
and 90).  This experiment is listed as part of WW-A in Appendix A: Summary of 
Experiments. 
While testing the 10 PV/d rate, the pressure drops at 30% FQ exceeded the system 
limitations (pressure limit downstream of the methane MFC is around 1600 psi) and was 
terminated.  
The apparent viscosity at the three different rates is shown in Figure 25.  
 
Figure 25: Effect of oil and wettability on APG-5 adsorption 
Comparing the apparent viscosity results from both the 5 and 10 PV/d to the 2 PV/d 
shows that the foam generated by APG-5 and methane gas has shear thinning properties. 
This is ideal for field implementation, as the near wellbore region would have higher shear 
rates, and so maximizing injectivity would require lower foam strength in that region. As 
the shear rates slow down at the far field steady state values (in range of 1-2 PV/d), the 
foam viscosity rises due to this shear thinning behavior.  
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This is the required foam behavior for conformance control, and would indeed aid 
in diverting gas in the WAG injection away from thief zones. Increasing the rate from 5 
PV/d to 10 PV/d shows shear thickening behavior, and this contradictory response can be 
attributed to the heterogeneity in the core, as well as the surfactant and foam being forced 
into smaller pores at the higher rates leading to a higher pressure drop and stronger foam 
being generated. Hysteresis and foam trapping can also explain this discrepancy, as 
reported by Simjoo (Simjoo et al, 2011). 
We can also observe from Figure 25 that lower FQ between 30% and 50% yield 
the strongest foam, where a maximum foam strength peak is likely to fall in that range. For 
field implementation, gas availability, as well as economic considerations would both 
influence the decision on FQ to use. However, based on the experimental behavior of the 




This chapter discussed the initial surfactant screening process that resulted first in 
choosing alkyl-Polyglycoside (APG) as the main surfactants for this study. Then narrowed 
down to APG-5 as the most effective foaming agent, with and without the presence of oil. 
APG-5 adsorption was studied, as well as the microemulsion phase behavior. Finally, the 
foam behavior in an analogue rock (Estaillades limestone) was studied in water wet 
conditions. The ideal concentration was found to be around 3500 ppm, and the foam 
rheology was seen to be mostly shear thinning.  The next chapter will focus on studying 
the impact of oil on the APG-5 foam.  
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4 IMPACT OF OIL ON FOAM PERFORMANCE 
In order to understand how the foam generated by APG-5 and methane gas will 
behave in the presence of oil in porous media a series of experiments were carried out. At 
the end of experiment WW-A a test of the impact of solubilized oil is presented, WW-B 
tested for the impact of residual oil on foam strength and WW-C tested the impact of mobile 
oil on foam viability.  
Similar experiments were carried out in oil wet cores (cores were aged in oil for 
over 4 weeks). Experiment OW-A focusses on the impact of residual oil on foam in oil wet 
media. OW-B tests impact of mobile oil on foam in oil wet media. Results are presented in 
the subsequent sections.  
4.1 IFT Measurements 
Table 5 shows the average interfacial tension measurements done for APG-5 
solution and Al-Shaheen crude oil. Equations (1, 2 and 3) listed in Appendix D: List of 





APG-5 at 0.35% - Oil 0.387 
Oil-Air 45.5 
APG-5 at 0.35% - Air 10.7 
Entering Coefficient -34 
Spreading Coefficient -35 
Lamella Number 4.2 
Table 5: APG-5-Oil-Air IFT Measurements 
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As shown above, the negative entering coefficient implies a highly stable foam-oil 
system. While the entering/spreading coefficients are not consistent predictors, literature 
review shows that when the entering coefficient is negative, it is reliable to assume that the 
foam-oil system is stable in presence of oil.  The lamella number was first presented by 
(Schramm and Novosad, 1990) is based on the concept that foam is destabilized by the 
formation and movement of emulsified oil drops that move into foam plateau borders, once 
enough droplets accumulate and join the foam is ruptured. While (Shramm et al., 1993) 
showed that the lamella number was good as an indicator of foam stability to oil, (Dalland 
et al, 1994) showed that it cannot be used as an accurate predictor for bulk foam or porous 
media foam scales. In that study, negative entering coefficients for some stable oil-foam 
systems, resulted in very high lamellae numbers.  
The lamella number of 4.2 indicates some emulsification of oil is happening, which 
is confirmed in phase behavior tests, and this value falls in the range of Type-B foam that 
can be susceptible to oil foam instability.  
The highly negative entering coefficient, and the strong stability of the APG-5 foam 
in presence of oil in bulk foam tests indicate a stable foam-oil system, and core flood 
experiments were conducted accordingly. First analyzing the influence of residual oil on 




4.2 Impact of Solubilized Oil on Foam Performance 
Following the end of experiment WW-B, an experiment using surfactant solution 
with solubilized oil was done.  First, surfactant solution with solubilized oil was prepared. 
The APG-5 surfactant solution at 144,000 ppm was mixed with crude oil, and then the 
surfactant solution was gravity separated leaving out the excess oil. The core flood was 
then repeated for the 2 ft/d rate. Steady state pressure drops at 30,50, 80, and 90% were 
then recorded, and the resulting apparent viscosity was computed.  
 
Figure 26: Foam apparent viscosity for 2 PV/d, 3500 ppm, with and without 
solubilized oil in solution 
It can be observed from the results of Figure 26 that the presence of solubilized oil 
in solution does reduce the strength of the generated foam. However, the generated foam 
at the optimal FQ of 30-50% is still considerably strong at 40-50 cp apparent viscosity. The 
reduction in foam strength of around 20-25%, is due to the effective reduction in surfactant 
concentration in solution that is available for foaming as some of the surfactant binds to 
the microemulsions of oil in solution.  
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4.3 Impact of Residual Oil Saturation on Foam Performance 
WW-C was carried out in water wet Estaillades limestone cores, the core was water 
flooded with formation brine, then injected with Brine and gas to simulate WAG flood, 
and reducing the oil saturation to the residual oil saturation. This closely resembles the 
conditions in reservoir layers of high permeability whereby most of the oil has been swept 
out. 
The same process was repeated for OW-A whereby this core was aged in oil for 
over 8 weeks, establishing an oil/mixed wet state.  
Figure 27 and Figure 28 show the results of the steady state foam strength at Sor 
for both mobile oil experiments, OW-B (oil wet) and WW-C (water wet) in terms of the 
apparent foam viscosity, and the effective mobility reduction factors.  
 
Figure 27: Apparent viscosity results for APG-5 foam at residual oil in oil wet and 
water wet conditions 
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Figure 28: MRF Data for APG-5 (3500 ppm) foam at 2 PV/d for OW and WW cases 
at Sor 
As we can see in Figure 27 and Figure 28, the presence of oil generally impacts the 
foam negatively compared to the no oil water wet case (solid lines) with a reduction of 
25% for the water wet case, and about 44% for the oil wet case.  In both wettability states, 
the APG foam can create an effective foam with MRF values ranging between 20-25 (2 
PV/d 50, 30%) for the oil wet case, and 25-30 for the same rates in the water wet case. 
Foam strength and MRF are impacted due to the oil wet nature of OW-A, with a reduction 
of 35% of the foam strength.  
The above results show that the APG-5/methane foam system is stable to the Al-
Shaheen crude oil. This supports the results of the entering and spreading coefficients 
which indicated a non-entering system, whereby oil droplets do not protrude into the foam 
film. However, the significant drop in foam strength due to oil presence must be explained.  
Foam films are thermodynamically unstable structures, that decay with time if no 
more lamellae are generated. Furthermore, contact with oil creates a pseudo emulsion film 
(PS-film) between the oil-gas-water phases. This film is asymmetric, and also 
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thermodynamically unstable. However, the disjoining pressure of these asymmetric films 
have two possible regions (local minima in the disjoining pressure of the film) where the 
film can exist in a metastable state, however if the film thins too much (below 5 nm), or is 
too thick (higher than 50 nm) (Garret, 2016) then the film is unstable.  
(Nikolov et al., 1989) and (Lobo and Wasan, 1993) showed that a micellar structure 
of surfactant molecules exists in stable PS-film and helps prevent further thinning and 
maintains the metastable state. However, since the PS-film is asymmetric, and film 
drainage processes are dynamic in nature, the PS-film stability is also kinetic in nature. 
(Manlowe and Radke, 1990). All of the mentioned researchers show that the asymmetric 
nature of these films, and the complexity of the interfaces, makes them more unpredictable 
and unstable than normal foam films. 
Considering the impact of oil saturation separately, shows that it plays a role in the 
foam stability in presence of oil. The oil saturations in OW-A and WW-B were 11.4 and 
5.3% respectively, whereby the higher oil saturation in OW-A, led to foam strength that is 
25% weaker than WW-B. In higher oil saturation, there is a higher probability of foam and 
oil contact, combined with the discussion of the PS-film above, this explains at face value 
the weaker foam in higher oil saturation. Furthermore, the mechanics of three phase flow 
show that having a higher oil saturation leads to higher interstitial velocities of the other 
two phases.  
A key observation found during the above experiments was the delayed foam 
propagation to reach the steady state values listed above. This was also experimentally 
proven by (Mannhardt et al., 1999) where they showed a reduction in the rate of foam 
propagation (time to reach the maximum strength) at higher oil saturations. While they 
claim a critical oil saturation that limits foam strength if exceeded, we argue based on 
results in this study that this concept is flawed. Instead, it is the spatial distribution of oil 
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in the reservoir, as well as the pseudo-emulsion film stability that determine the level of 
destabilization at higher oil saturations. Whereby higher oil saturation that is isolated in 
high permeability pockets with minimal contact with propagating foam may not destabilize 
foam as much as lower oil saturation that is spread out evenly in the pore space with high 
contact with propagating foam.  
While an effective foam is achieved with the APG surfactant in the presence of oil 
and various wettability states, further improvement to the MRF may be required for optimal 
field implementation for mobility control.  There are two possible optimizations, one 
focusses on the APG-foam resistance to oil, and improving the pseudo emulsion film 
stability of the foam-oil system. The second possible improvement targets altering the 
wettability towards water wet, which enhances the foam generation sites, and also 
improves the foam stability.  These are discussed in chapter 6. 
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4.4 Impact of Mobile Oil on Foam Performance 
Mobile oil that is produced during EOR processes has a higher chance of contacting 
foam lamellae. For this reason, a detailed experimental procedure (outlined in Appendix 
B: Experimental ) was designed in five key stages.  
First establishing foam at a rate of 4.75 PV/d and 50% FQ, then during stage 2, the 
co-injection of foam and oil is done with oil at 0.25 PV/d until 0.5 PV of oil is in the core. 
The third stage is foam alone, followed by the fourth stage which is with oil co-injection 
to steady state, and finally the fifth stage has foam alone to steady state. Mobile oil is 
present in the core starting in the second stage, however due to the relative permeability 
effects in stage 4 and 5, the analysis focuses on the foam alone stages 3 and 5 whereby oil 
is being desaturated.  To eliminate capillary entry effects at the core inlet, the middle and 
top sections only were used in the analysis of the mobile oil experiments.  
Figure 29 shows the apparent viscosity estimation and the oil saturations for the 




Figure 29: OW-B Mobile oil experiment transient apparent viscosity 
As shown above in Figure 29, during co-injection the pressure drop and apparent 
viscosity rises considerably due to relative permeability changes associated with three 
phase flow. However, during stage 2 where 0.5 PV of oil is co-injected with foam, causes 
the apparent viscosity is stage 3 where its foam alone to drop down to 14.3 cp at the end of 
stage 3. This can be attributed to the higher oil saturation of 18. Wettability also plays a 
key role here, and this is discussed further in chapter 5. 
During the long stage 4, higher pressure drops were encountered, this led to more 
of the oil that was previously immobile to be recovered, and the oil saturation dropped to 
bellow the Sor at 8% compared to 11% at start of the experiment. In order to better 
understand the effect of the mobile oil on foam, the same experiment above (OW-B) was 
conducted in water wet conditions (WW-C) starting from a strong foam state, and no oil in 
the core in this case.  The results of the co-injection experiment are shown in Figure 30:  
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Figure 30: WW-C Mobile oil experiment transient apparent viscosity 
In this experiment, the apparent foam viscosity in stage 3 is 1.5 times higher than 
before the co-injection case (47 cp vs 31 cp). And in stage 5 it is close to 1.2 times higher 
at 37 cp compared to 31.3 cp. This higher apparent viscosity can be attributed in part to the 
relative permeability effect due to the higher oil saturations in stages 3 and 5 (~20% oil 
saturation). However, it is likely that strong foam continued to be generated even in the 
presence of such a high oil saturation, as a high pressure drop, and apparent viscosity was 
still seen in stage 3 and 5.  
This can be supported by the fact that very strong foam present in the core before 
co-injection was not completely destabilized, and only the points of contact between the 
foam and the injected oil may have been impacted. In their mobile oil experiments (Boeije, 
2016, p119) show that effective foam can still exist even in presence of significant mobile 
oil, but in a severely reduced capacity (50% reduction). However, their study suffered from 
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a few issues. Firstly, timescale of the study was insufficient in observing the oil-foam 
interaction, and their surfactant/crude mixture seemed to create stable and microemulsions 
that may have impacted the results. Finally, no estimation of the oil saturation is given, 
thus no inference can be made about how the oil saturation impacted the foam.  
In the results we presented, the oil saturation changes during the co-injection 
experiments, combined with the observed apparent viscosities in the foam alone stages, has 
important connotations that support that foam-oil interactions are governed mainly by oil 
saturation distribution within the pore space, and the contact probability between oil 
droplets and foam lamella, as well as the inherent foam film stability in presence of oil, 




In this chapter we outlined the experiments focused on studying the impact of oil 
on foam in three main facets. Firstly, the impact of emulsified oil droplets in surfactant 
solution (solubilized oil) was studied.  It was shown that it reduces foam stability by a 
factor of 20% approximately.  
Secondly, the impact of residual oil saturation on foam was studied. Presence of oil 
was shown to reduce foam strength considerably, however effective foam can still be seen 
in both water wet cores and oil wet cores at residual oil having mobility reduction factors 
(MRFs) of around 28 for the former and 24 for the latter.  
Finally, the impact of mobile oil was studied. The key takeaway from this 
experiment is that the presence of mobile oil does not preclude the formation of an effective 
foam, and that this foam is stronger in the water wet experiment. However, the relative 
permeability effects made the analysis more complicated and limited the quantification of 
these observations.  
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5 IMPACT OF WETTABILITY ON FOAM PERFORMANCE 
One of the main aspects of foam oil interactions on the core scale that is not well 
studied is the effect of wettability. Researchers generally assume a negative impact on foam 
when the rock is in an oil wet or even mixed wet state. This was confirmed by Shramm and 
Mannhardt (1995) who showed that the foam effectiveness was reduced in oleophilic rock 
more than hydrophilic rocks at residual oil saturations.  
In the series of core flood experiments carried out in this work the effect of 
wettability on foam was explored more closely, in an attempt to quantify and clearly show 
its effect on foam propagation and strength.  
5.1 Foam Performance at Residual Oil Conditions 
Results presented in section 4.3 , Figure 27 show that the foam strength in water 
wet cores at residual oil saturation is 25-30% higher than that in an oil wet core at residual 
oil saturation.  
This result includes a combination of factors. Firstly, the residual oil saturation in 
OW-A is higher at 11.4% vs 5.3% for the water wet conditions of WW-B. This higher oil 
saturation may play a big role in the above noted reduction. Secondly, relative permeability 
effects in the oil wet conditions play a role in the pressure drops seen and used to calculate 
the apparent viscosity and MRF for the foam which complicates the analysis.  
Thirdly is the impact of wettability.  Here, an oil wet/mixed wet state implies that 
that the rock grains are wetted with oil, thus the sites for foam generation are reduced. As 
mentioned in chapter 2, lamella division and snap off are key foam formation mechanisms, 
and these are impacted when the rock is not wetted with water.  
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Thus, one cannot conclude with absolute certainty, that the weaker foam in OW-A 
is solely due to one of these parameters, but is likely due to a combination of all three, 
whereby wettability plays a big role.  
 
5.2 Wettability impact in Mobile Oil Experiments 
The mobile oil experiments discussed in section 4.4 also sheds light on the impact 
of wettability on the foam strength and propagation. Figure 31 shows the apparent viscosity 
of the mobile oil experiments OW-B and WW-C. While Figure 32 below, shows the steady 
mobility reduction factors (MRFs) of the foam in the foam alone stages 1,3 and 5.   
In the OW-B experiment, the initial 0.5 PV oil co-injected with foam reduces the 
foam apparent viscosity below 20 cp (stage 3). While in the water wet case WW-C, the 
apparent viscosity of the injected fluids increases to ~ 50 cp after co-injecting 0.5 PV of oil 
(stage 3). This indicates that the relative permeability changes due to oil injection into the 
water wet core is more impactful on the overall pressure drop than in the oil wet case. As 
discussed previously, in WW-C, the oil saturation rise in the core contributes to the 
apparent viscosity seen at the end of stage 3 and 5, however a big part of that apparent 
viscosity seen is due to foam. In this case the oil in the core is distributed within the pore 
space, and not at the grain surfaces.  
Comparatively, in the oil wet case of experiment OW-B, relative permeability 
effects are evident during co-injection, but are less prevalent when the oil injection is 
stopped. This is likely due to the additional oil collecting at the pore surfaces mainly, with 
most of the original mobile oil being swept out during the waterflood, and gas and brine 
injection stages which preceded the experiment. This distribution of oil on the pore surfaces 
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is the likely behind the lower foam strength (apparent viscosity) and MRF in the foam 
alone stages 3 and 5, where it leads to more foam destabilization in the oil wet case. 
 
Figure 31: Mobile Oil Experiments, comparing water wet to oil wet conditions 
 
Figure 32: Mobile oil experiments - MRF data for foam alone stages for water wet and 
oil wet conditions 
It can be clearly seen that having higher oil saturations increases the MRF for the 
water wet case, this is due in part to the relative permeability effects, as discussed above. 
In the oil wet case (OW-B) the higher oil saturation seems to impact the apparent viscosity 
 60 
and MRF negatively, whereby we postulate that foam is more severely impacted by the 
introduction of mobile oil.  
Specifically, looking at the first foam alone stage post co-injection in OW-B and 
WW-C shows a similar oil saturation 18% in OW-B and 21% in WW-C, but the foam is 
far weaker in the oil wet case. Thus, the above experiments further show that while strong 
foam can still form in oil wet conditions, the impact of oil on foam under these 
circumstances is more detrimental than in water wet conditions.  
As established above, the presence of oil, as well as the wettability state of the 
reservoir have an impact on foam performance. In the following chapter 6 we explore 
enhancing foam strength by foam boosting as well as wettability alteration.    
 
5.3 Summary 
This section focused on the analysis of the impact of wettability (water wet or 
oil/mixed wet conditions) on foam performance. Two main findings were verified that 
align with the research in literature. Firstly, oil wet conditions severely impact the foam 
strength. These experiments showed an additional reduction of around 25% in foam 
strength over the water wet case at residual oil saturation. Mobile oil experiments show 
that mobile oil in oil wet rock impacts foam viability more than in a water wet rock. 
 Chapter 6 will discuss enhancements to the foam system that focus on improving 
foam resistance to oil, and altering wettability to enhance foam performance.  
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6 FOAM FORMULATION ENHANCEMENTS 
Previous chapters outlined the process and evaluation of the APG-5/Methane Foam 
system. It was shown that the presence of oil, or oil wet state, both reduce the foam strength, 
but an effective foam can still be seen even in those conditions. Based on these results, two 
areas for enhancement of the foam system were identified. First, enhancing the foam’s 
resistance to oil, and secondly, chemically altering the wettability of the rock to more water 
wet conditions to improve the conditions for foam generation and stability. These 
enhancements are tested in core flood experiments, and outlined in the following sections.  
6.1 Foam Enhancement – Wettability Alteration 
In this section, we explore wettability alteration to enhances the performance of the 
APG-5 Methane foam.  Theoretically, altering the wettability state towards water wet 
conditions will improve foam propagation, and stability, however, relative permeability 
effects involved in three phase flow can complicate the observed behavior.  First, we 
explore the characterization experiments carried out to arrive at a successful formulation.  
6.1.1 WETTABILITY ALTERATION AGENT SELECTION 
A detailed literature review has shown that multiple families of surfactants can 
change the rock wettability through different mechanisms. The first possible mechanism 
where the surfactant head group adsorb to the organic components of the crude oil on the 
rock surface through ion-pair formation, and having a hydrophilic tail, alters the wettability 
to water wet.   
If the surfactant head groups are not charged, hydrophobic interaction between 
surfactant tail groups and adsorbed oil components forces surfactants to adsorb to the 
surface and change wettability. (Salehi et al., 2008) Based on the above, our main foaming 
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surfactant (APG-5), a nonionic surfactant (head group is not charged), was tested against 
another anionic surfactant TGT-1 and a cationic surfactant C25. 
While contact angle tests showed the C25 to be very effective at altering wettability, 
it was excluded from further consideration due to its limited application in offshore 
environments. While the APG-5 and TGT-1 surfactants are both biodegradable and 
environmentally friendly alternatives. Contact angle tests were then carried out to verify 
the wettability alteration capability of TGT-1 and APG-5 and a blend of both, details of the 
experimental procedure are summarized in Appendix B: Experimental .  
TGT-1 was successful in changing the contact angle of an oil droplet aged on calcite 
to less than 90 degrees at various concentrations (500, 1500, 2000 and 3000 ppm). Figure 
33shows an example of the final contact angle of an oil droplet after being in contact with 




Figure 33: Example Contact Angle Measurements for TGT-1 and APG-5 and their 
blends 
 
A summary of the results is shown in Figure 34.  
TGT-1 Alone APG-5 Alone APG-5 & TGT-1 Blend












Figure 34: Average finalized contact angles for oil TGT-1, APG-5 and their blends 
Based on the above results, it is clear that mixing APG-5 and TGT-1 blunts the 
wettability altering capability of TGT-1, thus it was concluded that a potential injection 
strategy would include a slug of TGT-1 followed by the APG-Methane foam whereby the 
optimized formulation is a 0.5 PV of 0.5% of TGT-1 chased with ~ 5 PV of brine and 
finally APG-5 and methane foam is injected.  
In order to verify that the combination of APG-5 and TGT-1 does not form any 
viscous emulsions when in contact with the crude oil, a series of phase behavior tests were 
conducted, where 0.35% APG-5 with 0.15% TGT-1 was used. Figure 35 shows the results.  
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Figure 35: Phase behavior tests of APG-5 [0.35%] mixed with TGT-1 [0.15%] Salinity 
Right to Left (ppm): [48,000, 69.000, 96.000, 144.000, 173.000] 
As seen, type-1 microemulsions form, like that with APG-5 alone. With an oil 
phase on top and an aqueous phase that includes microemulsions of oil on the bottom.  No 
viscous phase forms, thus this is suitable for use for foam applications.   
After the selection of the optimized formulation, it was then tested in oil wet cores, 




6.1.2 WETTABILITY ALTERATION – FOAM COREFLOODING 
The optimized formulation was tested in OW-D, following the waterflood, and 
brine/gas co-injection, a slug of 0.5 PV of 5000 PPM TGT-1 surfactant was injected. 
Chased with 5 PVs of brine and followed by APG-5 and methane co-injection. Foam was 
first developed at 10 PV/d and 50% then foam was injected to steady state at 5 PV/d 50%, 
and 2 PV/d 50% and 30%.  
Figure 36 shows a comparison of the foam propagation and strength for 
experiments OW-A (APG-5 foam without wettability alteration) and OW-D (APG-5 foam 
post wettability alteration. The transient pressure data for these experiments are included 
in Appendix C: Additional Core Flood Data.  
 
 
Figure 36: Transient foam data for OW-A and OW-D experiments - impact of 
wettability change 
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As shown above, the foam develops at a much more rapid pace in OW-D than OW-
A, for the same rate of 10 PV/d 50% FQ. The steady state foam strength comparison for 
the chosen rates is listed in Table 6.  
 




MRF MRF  
% Difference 
OW-A 5 PV/d 50% 50.0 33.0 28.0   
2 PV/d 50% 22.8 42.9 20.7 
2 PV/d 30% 26.6 50.6 24.1 
OW-D 5 PV/d 50% 122.6 77.1 69.7 149% 
2 PV/d 50% 68.0 102.0 53.9 161% 
2 PV/d 30% 72.0 109.5 57.1 137% 
Table 6: Comparison of MRF of APG-5 foam in OW-A versus OW-D with 
wettability alteration 
As shown in Table 6, the wettability alteration causes a percentage increase of 
150% to the MRF, or an increase by a factor of 2.5.   
Appendix C: Additional Core Flood Data, lists the oil saturation changes 
throughout the different core flood experiments OW-A, OW-D which have residual oil 
saturations of 11.4 and 9.7 % successively.  
This similarity in oil saturation highlights the importance of wettability to foam 
performance even further. In OW-D where the TGT-1 was injected, the foam propagates 
both faster and stronger at steady state.  
Figure 37  shows the mobility reduction factors for the 2 PV/d rate for both OW-A 
and OW-D.  
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Figure 37: Comparing MRF values for OW-A and OW-D after wettability change 
Such a considerable increase in foam strength is beyond the impact of foam 
hysteresis, and confirms that wettability alteration towards more water wet conditions 
improves foam stability and propagation.  
Furthermore, the foam strength for OW-D is considerably higher than the water 
wet, without oil case (WW-A). This can be attributed to the difference in permeability, 
whereby OW-D had a permeability of 130.5 mD, and the water wet no oil core flood (WW-
A) had a permeability of 103 mD, and as shown by (Farajzadeh et al., 2015), permeability 
correlates with foam strength, whereby the higher permeability cores are more favorable 




6.2 Enhancing Foam Resistance to Oil 
In order to enhance the APG foam system’s resistance to oil, a comprehensive 
literature review of foam boosters was conducted. Two families of surfactants used to 
enhance foam resistance to oil were considered, Betaines, and Fatty-acid N-
Methylethanolamide surfactants.  
The latter was shown by (Sakai and Kaneko, 2004) to only improve the foamability/ 
and foam generation, which is strong for APG foam. Thus, it was excluded. Betaines 
however were used for their influence on the foam-oil film stability, and thus their foam 
boosting relates to the foam’s resistance to oil.  (Chang et. al, 2018) postulate that it 




6.2.1 SURFACTANT FORMULATION FOR ENHANCING FOAM RESISTANCE TO OIL 
In order to verify the improvement in foam strength of the APG-5 system by the 
addition of Lauryl betaine, a series of foam characterization experiments were carried out. 
The baseline concentration of APG-5 was maintained at 0.35%, with LB added on top (0.05 
to 0.15%) was tested. Bulk foam tests were carried out with and without oil. Results of the 
experiments with oil are shown in Figure 38 and Figure 39.  
 
Figure 38: Foam Height results for bulk foam tests of APG-LB formulations 
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Figure 39: Bulk foam tests of APG-LB formulations 
As shown, the addition of LB improves the foam stability to oil, with the vials 
containing LB maintaining a foam column far longer than the APG-5 alone did. Based on 
the above, the formulation chosen was APG-5 at 0.35% and 0.15% LB.  
Phase behavior testing of the chosen formulation was carried out for a scan of 
different salinities. Results are shown in Figure 40.  
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Figure 40: Phase behavior tests of APG-5 [0.35%] mixed with LB [0.15%] Salinity 
Right to Left (ppm): [48,000, 69.000, 96.000, 144.000, 173.000] 
As shown above, type 1 microemulsion forms which is similar to the APG-5 case. 
This shows no unfavorable conditions for the formulation in the application of foam for 
mobility control.  Interfacial tension measurements and subsequent classical entering and 




APG-5 + LB (0.35%-0.15%] - Oil 0.339 
Oil-Air 45.5 
APG-5+LB (0.35%-0.15%] - Air 14.1 
Entering Coefficient -31 
Spreading Coefficient -32 
Lamella Number 6.2 
Table 7: APG-5/LB – Oil - Air IFT Measurements  
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Similar to the APG-5 formulation, a negative entering coefficient indicates an 
inherently stable foam-oil system. However, it is worth mentioning that the lamella number 
rises from 4 to 6.2 which indicates further emulsification of oil. In their work on foam 
boosters (Basheva et al., 2000) proposed that the role of betaine as a foam booster is in 
raising the barrier energy for emulsified oil droplets to enter the foam films and so it 
strengthens the pseudo-emulsion film. In a study of foam boosters (Zhang et al., 2005) 
proposed that combining a zwitterionic surfactant (Lauryl betaine) with an anionic 
surfactant (APG-5), may lead to closer packing in the surfactant monolayer due to a more 
balanced charge distribution. This causes the foam films to be more compact and leads to 
stronger foam films, and PS-films. 
Thus, while a higher lamella number may point a more unstable foam system, we 
can only conclude with confidence that more emulsification occurs, and due to the PS-film 





6.2.2 FOAM ENHANCEMENT – FOAM COREFLOODING 
The above formulation was tested in OW-C and OW-E, which provides a clear 
understanding of the improvement in foam propagation and stability. Figure 41 shows a 
plot of the initial foam development in OW-A for the APG-5 alone, and OW-C for the 
(APG-5 and LB) formulation.  If we compare the slope of the foam overall pressure drop 
for the 10 PV/d rate, we notice a much steeper line for the (APG-5 and LB). This shows 
that the foam propagates much faster through the core.  
 
Figure 41: Comparing foam propagation for OW-A (APG Foam) and OW-C (APG/LB 
Foam) 
 The (APG-5 and LB) formulation requires 80% less injected surfactant and gas 
volume to arrive to the same foam strength developed by the APG-5 foam system. In terms 
of field optimization and economics, this additional enhancement can provide a 
considerable cost saving, despite the additional cost of the LB surfactant used.   
Figure 42 shows the apparent viscosity results and MRF data for experiments WW-
A, OW-A, OW-C, OW-D and OW-E. APG-5 foam at Sor is presented for OW-A, and OW-
D (here after wettability alteration with TGT-1). While APG-5 and LB foam is presented 
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for OW-C and OW-E (here after wettability alteration with TGT-1). WW-A is presented 
as the reference case with no oil present, and in water wet conditions.  
 
Figure 42: Effect of Wettability Alteration on Foam Strength for APG foam System at 
2 PV/d rate 
 
Figure 43: Effect of Wettability Alteration on MRF of APG foam System at 2 PV/d 
rate 
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As seen above the apparent viscosity of the foam in OW-C is enhanced by a factor 
of 1.77 compared to OW-A, while in OW-E its improved by a factor of 1.56 over OW-D. 
The MRFs are reduced due to oil presence and oil wet state of the cores, however 
foam boosting creates a significant improvement in both OW-C where it is improved close 
to the reference foam strength of WW-A. Changing the wettability in experiment OW-D 
has a significant effect on the foam strength and improves to within 5% of the reference 
values with no oil present (WW-A). Finally, looking at OW-E whereby wettability 
alteration is done first, then APG-5 and LB foam is tested, shows the best improvement, 
with foam that is even stronger than the reference case at MRFs of 80, and 93 for the 2 




In this chapter two optimizations to the foam system were discussed. The first 
optimization focused on altering the wettability of the cores to more water wet conditions 
by the injection of a wettability altering surfactant pre-flush (TGT-1 at 0.5 wt. %) This was 
shown to also strongly improve foam propagation speed, as well as the steady state strength 
of the developed foam. Secondly. improving the APG-5/Methane foam system’s resistance 
to oil using a foam booster. An addition of 0.15 wt.% Lauryl Betaine to the formulation 




This research work was focused on design and validation of a foam system that can 
generate effective foam for Al-Shaheen reservoir conditions, in the presence of oil and in 
various wettability states. The main goal of foam in this application is to minimize gas loss 
into high permeability zones during WAG EOR. A suitable surfactant was selected, 
following a detailed screening process. The surfactant formulation was tested in water wet 
and oil wet core flood experiments, and enhancements to the formulation were tested and 
their improvement to the foam strength is quantified. The following conclusions can be 
drawn from the study: 
1. A screening of five APG surfactants resulted in the selection of APG-5 for 
detailed study as it had the best foaming ability, with and without the 
presence of oil 
2. Bulk foam stability tests of APG-5 show that the presence of solubilized oil 
in surfactant solution only marginally reduces the foam stability. While 
increasing bulk oil concentration in solution strongly diminishes the foam 
stability. 
3. Static adsorption results of APG-5 on Estaillades limestone cores show 
adsorption of up to 2.5 mg/g, which is reduced by up to 40% when the test 
is done with oil wetted grains and in presence of oil 
4. Core flood experiments revealed a suitable APG-5 concentration of 3000-
5000 ppm is required. The foam rheology of APG-5 and CH4 gas foam is 
shear thinning, displaying higher foam viscosity at lower rates (far field 
conditions) compared to higher rates (near-wellbore region). The ideal foam 
 79 
quality resulting in the strongest foam was found to be between 30 and 50 
%.  
5. APG-5 and methane foam system can produce effective foam in presence 
of residual oil in both water wet cores, as well as oil wet cores, with MRF 
values of ~ 28 for the former and ~ 24 for the latter. 
6. Wettability has a considerable impact on foam strength, whereby an oil wet 
core negatively impacts foam propagation and steady state strength.  
7. The use of a wettability altering agent TGT-1 improved the APG-5 methane 
foam performance in terms of propagation and steady state strength. MRF 
values of ~ 47 were achieved in OW-D, an increase of 150% over OW-A 
whereby no TGT-1 was injected.  
8. Mobile oil presence does not negate the presence of foam. It was shown 
through mobile oil experiments, that foam does survive even in presence of 
mobile oil. Additionally, water wet conditions show stronger foam in 
presence of mobile oil. Relative permeability effects complicate the analysis 
of actual foam strength during mobile oil injection, and only general 
inferences can be made. 
9. The use of Lauryl betaine as a foam booster was found to enhance the foam 
performance of APG-5 foam in terms of the propagation and steady state 
strength. Achieving MRF values of ~ 52 in OW-B, and ~ 85 in OW-E 
whereby the wettability was altered.  
Based on the above conclusions, a practical injection strategy and formulation is 
suggested whereby TGT-1 is used as a pre-flush. A combination of APG-5 and Lauryl 
Betaine are then injected with reservoir waste gas (methane) to create foam for mobility 
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control. Further optimization to this formulation can focus on cost reduction by 
compromising on actual foam strength and MRF required for field implementation.   
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8 FUTURE WORK 
The next stage in this project is to study the impact of rock morphology and pore 
structure on foam performance in conjunction with the effects of oil, wettability, and 
permeability. A detailed experimental program is planned for tests on several rock 
outcrops, as well as actual reservoir cores from two different reservoirs in the Al-Shaheen 
offshore field. Following that a detailed simulation and modelling stage is planned to model 
a field implementation program.  
Innovative dual injection experiments where low and high permeability reservoir 
plugs are tested simultaneously are planned as well.  The second area of interest will be to 
look deeper into the impact of oil on foam on a fundamental level. This is to try and answer 
the question, what specific parameters about a crude oil and a surfactant formulation, or a 
combination of both, can be used to predict a stable foam in the presence of oil.  
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Appendix A: Summary of Experiments 
 








characterization at water 
wet conditions with no oil.  
Core is saturated in brine 118 23.2 N/A 
Baseline water flood dp is measured at various rates    
Baseline brine and gas co-injection DP is measured at various rates    
APG-5 at different concentrations injected with methane     
  
APG-5 at 3500 ppm and methane gas are co-injected to steady state (SS) at 
different rates and foam qualities   103 23.2 N/A 
  
After Foam rheology tests, a scan of surfactant at 3500 ppm with 
solubilized oil is done. 103 23.2 N/A 
WW-B Test of APG-5 Foam at Sor. 
Core is saturated in brine 134.7 25.3 5.3 
Core is flooded with crude oil    
Core is then water flooded until 99% water-cut    
Core is subjected to Gas + Brine co-injection until oil is at Sor    
APG-5 at 3500 ppm and methane gas are co-injected to steady state (SS)    
WW-C 
Test of APG-5 and oil co-
injection to verify impact of 
mobile oil on foam viability 
in water wet conditions 
starting from a strong foam 
state. 
Core is saturated in brine, and baseline water flood DPs are measured  134.7 23.6 start:              0 
Baseline brine and gas co-injection DP is measured at various rates   Co-inj:     20-38 
Foam at 4.75 PV/d 50% is Injected until fully developed and at SS    
Foam and Oil are co-injected until 0.5 PV of oil is injected (oil rate: 0.25 
PV/d)    
Foam at 4.75 PV/d 50% is Injected alone to SS     
Co-injection of oil and foam is resumed to SS     
Foam at 4.75 PV/d 50% is Injected again until SS     
Foam viability is evaluated based on the foam alone steps with higher oil 
saturation (mobile oil)       
 
Table 8: Summary of Core flood experiments in water wet cores   
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OW-A Test of APG-5 Foam at Sor. 
Core is saturated in brine 100.8 25.7 11.4 
Core is flooded with crude oil    
Core is aged in crude oil for 8 weeks    
Core is then water flooded until 99% water-cut    
Core is subjected to Gas + Brine co-injection until oil is at Sor    
APG-5 at 3500 ppm and methane gas are co-injected to steady state (SS)    
OW-B 
Test of APG-5 and oil co-
injection to verify impact of 
mobile oil on foam viability. 
APG-5 foam at 4.75 PV/d 50% Is injected until SS (at OW-01-A Sor) 100.8 25.7 7.5-36.2 
Foam and Oil are co-injected until 0.5 PV of oil is injected (oil rate: 0.25 PV/d)    
Foam at 4.75 PV/d 50% is Injected alone to SS    
Co-injection of oil and foam is resumed to SS    
Foam at 4.75 PV/d 50% is Injected again until SS    
Foam viability is evaluated based on the foam alone steps with higher oil 
saturation (mobile oil)    
OW-C 
Test of optimized 
formulation to enhance 
resistance to oil.  
Core is restored to initial conditions of OW-A by injection of 15-20 PV of brine 100.8 25.7 7.5 
APG + Foam Booster is co-injected with methane at various rates to SS    
Foam strength is evaluated for propagation and steady state strength (apparent 
viscosity and MRF)    
OW-D 
Test of APG-5 Foam at Sor 
post wettability alteration. 
Core is saturated in brine 130.5 29.1 9.4 
Core is flooded with crude oil    
Core is aged in crude oil for 8 weeks    
Core is then water flooded until 99% water-cut    
Core is subjected to Gas + Brine co-injection until oil is at Sor    
A 0.5 PV of wettability altering agent is injected followed by 5 PV of brine    
APG-5 at 3500 ppm and methane gas are co-injected to steady state (SS)       
      
 





Test of optimized formulation 
to enhance resistance to oil 
post wettability alteration. 
Core is restored to initial conditions at end of OW-D by injection of 15-20 PV of 
formation brine 130.5 29.1 9.4 
Optimized formulation (APG + Foam Booster) is co-injected with methane at 
various rates to SS     
Foam strength is evaluated for propagation and steady state strength (apparent 
viscosity and MRF)       
 
Table 9: Summary of Core flood experiments in oil wet cores
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Appendix B: Experimental Procedures 
Bulk Foam Tests 
In order to screen surfactants for the best bulk foaming performance, bulk foam 
stability experiments were carried out as follows: 
 First 10 ml of surfactant solution were placed in 50 ml glass vials and placed 
in a 55 °C oven.  
 The vials are then systematically shaken for 10 seconds to introduce air into 
the surfactant solution and create foam. 
 The height of foam generated is measured and recorded at regular intervals. 
 The foam stability of surfactant solutions with and without oil was 
evaluated. The oil tests were done using the same procedure but with the 
addition of a set volume of oil.  
These tests were also used to evaluate the surfactant concentration ranges for use 
in the porous media experiments.  
1. Phase behavior Tests 
In order to test the behavior of the best APG surfactant solutions when interacting 
with the Al-Shaheen’s Shuaiba reservoir crude oil, microemulsion phase behavior tests 
were carried out.  The experiment is carried out as follows: 
 First, 0.5% by wt. surfactant solutions in 144,000 formation brine were 
prepared.  
 The aqueous stability at the FB salinity, and reservoir temperature (55°C) 
was tested by monitoring the solutions over time.  
 For microemulsion testing, 2 ml of surfactant solution was mixed with 1 ml 
of crude oil in glass pipettes. 
 86 
 The pipettes are then sealed and mixed thoroughly for a few days.  
 They were then placed in a temperature-controlled oven at 55°C for 
monitoring. 
  The same test was repeated for a salinity scan from 48k to 144,000 ppm 
salinity.  
The goal of the above tests is to monitor for the formation of any type II or II 
microemulsions. Type 1 microemulsions whereby a bottom aqueous phase with oil droplets 
and a top oleic phase exist is desired for foam propagation.  
2. Static Adsorption Tests 
This experiment was designed in order to quantify the amount of surfactant that 
adsorbs to the rock. The procedure followed is as follows: 
 Estaillades limestone rock was crushed, and then sieved through 600-300 
Mesh size. The grains remaining on the 300 Mesh Sieves were used in the 
experiment.  
 10 grams of crushed rock was then weighed in plastic vials, 20 ml of 
surfactant solution prepared in 144,000 ppm FB was then added. 
  The mixture was thoroughly mixed (every 2 hours), for 4 days while placed 
in a 55 °C oven.  
 The solution was then gravity segregated, and the surfactant was then 
filtered through 0.45μm filters and was analyzed using Liquid 
Chromatography Mass spectrographic testing (LCMS). 
  The analysis method focused on four unique mass spectroscopy peaks that 
are unique to the surfactant tested.  
 A correlation curve was created and then used to estimate the concentration 
in (ppm) of the surfactant in the tested solution. 
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 The adsorption per g of rock is then estimated as per equation 6 in Appendix D: List of 
Equations. 
This was repeated for various concentrations. It was also done with oil wetted 
grains to evaluate the effect of oil and oil wet grains on adsorption. 
 
3. Contact Angle Experiments: 
Contact angle measurements are carried out to quickly screen for surfactants which 
are more successful at altering the wettability of a calcite plate. The procedure carried out 
using a rami-hart set up is as follows: 
 An oil droplet is placed on a polished calcite plate and aged at 55 °C for 1 
week 
 The plate is then placed in the optical cell of the rami-hart set up 
 Surfactant solution is carefully added to the cell 
 The contact angle of the oil droplet is then monitored until the change 
reaches steady state 
 The final contact angle is recorded and averaged over a period of time  
 For each reading, the test is repeated 3 times to minimize error and the 
results are averaged 
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4. Interfacial Tension Measurements 
Interfacial tension measurements between oil, surfactant solutions, and air was 
conducted using the pendant drop method. The measurements were carried out at room 
temperature and atmospheric pressure. 
The measurements were carried out using a high precision tensiometer.  
Air was used instead of methane to represent the gas phase.  The following is the 
general procedure followed: 
Surfactant solution was placed in an optical cell 
An oil droplet was injected slowly using a micro-needle 
The measurement is carried out until the surface tension reached steady state, and 
averaged over 2 minutes 
Using the interfacial tension measurements, the entering, spreading, and lamella 
numbers are calculated as per equations 1, 2, and 3 in Appendix D: List of Equations.  
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5. Porous media flow experiments (core floods): 
In order to characterize the foam behavior for the Al-Shaheen field application, 
porous media flow experiments were designed. The design of the experimental set-up is 
included in Figure 44. 
 
Figure 44: Core flood experimental setup 
 The core is loaded into a Hassler type core holder and is then connected to 
the set up.  
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 Pressure testing with lab air and then nitrogen at the reservoir pressure of 
1450 psi is done.  
 The core is then vacuumed, for 3-5 hours before being saturated with 
formation brine (144,000 ppm). Injection is done by a De-ionized water 
Quizix pump, which displaces a piston accumulator at a controlled rate. 
  The porosity and permeability are then measured.  
 Gas injection is controlled by a Matheson mass flow controller (MFC), 
where the gas pressure downstream of the MFC is controlled with a Back-
pressure valve (BPR) to be always higher than the liquid pressure.  
 In experiments containing oil, the next step is to flood the core with oil for 
close to two times the pore volume, and until 99% of the effluent is oil.  
o For oil wet cores, the cores are stored in oil for over 4 weeks at the 
reservoir pressure and temperature before continuing the next steps. 
 The core is then water flooded and brine and gas co-injection is done to 
mimic reservoir production history 
 Foam testing is then done by co-injection of surfactant and gas at various 
rates 
Foam experiments are done by surfactant solution and methane gas co-injection; 
the effluent goes through a set of two BPRs that ensure the outlet pressure is maintained 
close to (1400-1450) psi. Steady state pressure drops across the core are recorded every 30 
seconds, by the differential transducers DP1, DP2, and DP3.     
These pressure drops are averaged over the length of the core at steady state and 
are then used to estimate the apparent foam viscosity using equation (4): While the mobility 
reduction factors (MRF) is estimated using equation (5).  
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Appendix C: Additional Core Flood Data 
Bulk Foam Tests 
 


























Figure 46: Bulk foam tests for APG-5: Salinity and microemulsions effect 
WW-A 
 
Figure 47: WW-A: APG-5 at 3500 ppm, 2 PV/d Foam Scan 
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Figure 48: WW-A: APG-5 at 3500 ppm, 5 PV/d Foam Scan 
 
Figure 49: WW-A: APG-5 at 3500 ppm, 10 PV/d Foam Scan (80, and 90% FQ) 
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Figure 53: WW-C Mobile oil experiment transient pressure drop and oil saturation 
 
Stage Description Water+Gas Saturation Oil Saturation
1
Oil Flood 0.349 0.651
2
Water Flood 0.663 0.337
3 Brine + Gas Injection 
[5 PV/d 50% Gas ] 0.920 0.080
4 Foam 












Saturations at end of each stage
Water+Gas Saturation Oil Saturation
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Figure 57: OW-B mobile oil experiment transient pressure and oil saturation changes 
 
 
Stage Description (Water+Gas) Saturation Oil Saturation
1
Oil Flood 0.391 0.609
2
Aging of Core 0.291 0.709
3
Water Flood 2 ft/d 0.554 0.446
4 WAG [2 ft/d 30%, 2 ft/d 
50%, 5 ft/d 50%] 0.886 0.114
5 Foam [ SF650 0.35%, 












Saturations at end of each stage
(Water+Gas) Saturation Oil Saturation
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Stage Description (Water + Gas) Saturation Oil Saturation
1 Brine Saturation & 
Permeability test 1.000 0.000
2
Oil Flood 0.426 0.574
3
Core Aging 0.301 0.699
4
Waterflood at 2 PV/d 0.709 0.291
5 Brine+Gas 
Co-injection 0.896 0.104
6 Wettability Alteration + 
Chase Waterflood 0.903 0.097
7 APG-5 Foam Injection 












Saturations at end of each stage





Figure 62: OW-D transient pressure changes for APG+LB foam post wettability 
alteration at Sor=9.4% 
 
 
Figure 63: OW-D (APG-5 alone) compared to OW-E (APG-5/LB) post wettability 
alteration 
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𝑟𝑜: oil drop/surface radius 






𝐿 ∗  𝑢 
 
Δp: pressure drop, A: Cross section to flow, L: Length  














m after adsorption − minitial 
mrock (g)
)   
m: mass in mg or g 
(6) 
Pseudo-emulsion film interfacial  
tension 




h: film thickness 
π: disjoining pressure 
 
(7) 
Generalized Entering Coefficient -  𝐸𝑜 𝑤⁄
𝑔
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